Abstract: We present two new local quantum fields of mass dimension one. The fields satisfy fermionic statistics and are endowed with spin one half. These are based upon the dual helicity eigenspinors of the relevant charge conjugation operator. The mismatch of mass dimensionalities between the standard model fermions and the new fermions severely restricts the interactions between the new fields and the fields of the standard model. We show that the locality and helicity structure of the new fields are deeply intertwined with numerous theoretical and phenomenological implications.
Introduction
For eighty years the Dirac formalism has served as a kinematic foundation for the field theoretic description of all known fermions [1, 2] . The principle of local gauge invariance imposed on this kinematic structure has resulted in a highly successful standard model (SM) of particle physics [3] [4] [5] [6] [7] [8] [9] . Yet, the existence of dark matter reflects an inherent incompleteness of the SM.
The prevailing wisdom considers supersymmetry to provide the necessary new physics. The recent unexpected theoretical discovery of a spin one half fermionic field with mass dimension one, D F = 1, offers an entirely new approach to the dark matter problem [10] [11] [12] [13] [14] [15] [16] . The mass dimension one fermionic field cannot enter the fermionic doublets of the standard model due to the mismatch in the mass dimensionalities (the SM fermions have mass dimension three half, D SMF = 3/2). This, with an additional observation to be made below, severely restricts its allowed interactions with the SM particles and thus provides a first-principle origin for the darkness of dark matter.
In the preliminary work we were unable to construct a local field [10, 11] . Here, we show how to overcome this hurdle by explicitly constructing two local quantum fields of mass dimension one. These do not allow the usual gauge interactions. We outline a new principle of local gauge interactions that applies to the reported kinematic structure.
The guiding principle remains the same as that of our previous work [10, 11] ; that is, we take the position that whatever dark matter is, in the low energy limit it must be described by the irreducible representations of the full Poincaré group.
Dual helicity eigenspinors of the charge conjugation operator
Let φ(p) be a left-handed Weyl spinor of spin one half. Under a Lorentz boost, it transforms as φ(p) = κ − φ(0) where 1
To study the unusual interplay of the helicity structure and locality, we first choose φ(p) to belong to one of the two possible helicities: σ · p φ ± (p) = ± φ ± (p). Following Ref. [11] note that, (a) under a Lorentz boost, ηΘφ * (p) transforms as a right-handed Weyl spinor, [ηΘφ * (p)] = κ + [ηΘφ * (0)], with
where η is an unspecified phase to be determined below, and Θ is Wigner's time reversal operator for spin one half,
In terms of Θ(= −iσ 2 ), the charge conjugation operator reads
where K is the complex conjugation operator. We now introduce a four-component dual helicity spinor 2
These become eigenspinors of the charge conjugation operator with real eigenvalues if the
We parameterise p as (sin θ cos Φ, sin θ sin Φ, cos θ) and adopt phases so that at rest (p = 0)
The boost parameter ϕ = ϕb p, in terms of energy E and momentum p = pb p associated with the particle of mass m, is given by cosh(ϕ) = E/m and sinh(ϕ) = p/m. By σ = (σ1, σ2, σ3) we denote the Pauli matrices. The symbol I represents an identity matrix, while O stands for a null matrix. Their dimensionality shall be apparent from the context. 2 The χ(p) share some of the properties of the well-known Majorana spinors [11, 15] .
Equations (2.7a-2.7b), when coupled with Eq. (2.5), allow us to explicitly introduce the self-conjugate spinors (η = +i) and anti self-conjugate spinors (η = −i) at rest
The ξ(p) and ζ(p) for an arbitrary momentum are now readily obtained 3
The choice of phases and the dual-helicity designations are different from those adopted in references [10, 11] ; and are a natural generalisation of the considerations presented in Sec. 38 of reference [17] (and those given in Sec. 5.5 of reference [8] ). These differences are crucial to the results here presented.
It is worth noting that the spinors ξ(p) and ζ(p) were obtained without reference to a wave equation or a Lagrangian density. These are used below to obtain all spin sums that will be required for the derivation of the propagator, and in establishing the locality properties of the new quantum fields. The same procedure can be be carried out to construct the standard Dirac spinors u(p) and v(p); and to establish the associated results. 
Under the new dual the orthonormality relations read
The dual helicity index α ranges over the two possibilities: {+, −} and {−, +}, and −{±, ∓} := {∓, ±}. The completeness
establishes that we need to use both the self-conjugate as well as the anti self-conjugate spinors to fully capture the relevant degrees of freedom.
Two new mass dimension one quantum fields
Using the above-introduced dual helicity spinors we now define two quantum fields
and,
. We assume that the annihilation and creation operators satisfy the fermionic anticommutation relations
Similar anticommutators are assumed for the b α (p) and b ‡ α (p). To obtain the Lagrangian density, and to establish the mass dimensionality of the introduced fields, we first evaluate the vacuum expectation value
Here T is the standard fermionic time ordering operator, and the adjoint field
It is this definition of the adjoint field that necessitates the introduction of the new adjoint (denoted by ‡) for the Hilbert space. A straightforward calculation yields
where the step function θ(t) equals unity for t > 0 and vanishes for t < 0. Now enters the above-advertised crucial ingredient, namely the spin sums
which together define G(p). The matrix G(p) encodes the relative phases, and the opposite helicities, between the right and the left Weyl components of ξ(p) and ζ(p) [10] . It depends on a direction g which is orthogonal to p but is independent of p and p 0 . Explicitly,
Using these results, introducing q µ = (q 0 , q = p), and using the standard integral representation for the θ(t), Eq. (3.4) simplifies to
where the limit ǫ → 0 + is understood 4 . Interpreting the |T [Λ(x ′ ) ¬ Λ (x)]| as being proportional to the probability amplitude A(x → x ′ ) for the particle to propagate from x to x ′ , we find the proportionality constant to be im 2 (up to a global phase); giving
In obtaining the above expression we have used the fact that in the absence of a preferred spatial direction (and since we are integrating over all q) we are free to choose a coordinate system in which x ′ − x coincides with theẑ direction. With this set up, q · (x ′ − x) depends only on q and θ, but not on Φ. With these observations one readily finds that the G(p) term in Eq. (3.6) identically vanishes. The Feynman-Dyson propagator is S(x ′ , x) :
These results establish that Λ(x) is a mass dimension one field 5 , D Λ = 1. Precisely the same series of steps establish mass dimensionality of λ(x) to be one, D λ = 1. This contrasts sharply with mass dimension of three half, D Dirac/Majorana = D SMF = 3/2, of the Dirac and Majorana fields. In particular, this circumstance allows for dimension-four quartic (self/or, otherwise) couplings of the introduced fields. The only other allowed dimension four coupling appears to be with the Higgs boson. These essentially exhaust all the naive-minded dimension four interactions for the new fields and confer a natural darkness to these fields as regards their interactions with the SM fields (also, see below).
Following the arguments presented in Ref. [11] we now readily infer that the Lagrangian density for the Λ(x) field is
The Lagrangian density for λ(x) is obtained by the replacement Λ → λ in the above expression. The Hamiltonian is bounded from below. The calculations that yield this result parallel those presented in Ref. [11] .
The locality structure of Λ(x) and λ(x)
The field momenta for the fields are
and similarly π(x) = ∂ ∂t ¬ λ (x). The calculational details for the two fields now differ significantly. We begin with the evaluation of the equal time anticommutator for the Λ(x) and its conjugate momentum, and find
. (4.2) 4 The substitution through q µ requires some discussion; see Sec. 6.2 of Ref. [8] for details. 5 See section 12.1 of Ref. [8] for a precise definition of mass dimensionality of a quantum field.
In the absence of a preferred direction, the contribution from the integral involving G(p) vanishes; leaving the result
3)
The anticommutators for the particle/antiparticle annihilation and creation operators suffice to yield the remaining locality conditions,
For the equal time anticommutator of the λ(x) field with its conjugate momentum, we find
(4.5) Which, using the same argument as before, yields
The difference arises in the evaluation of the remaining anticommutators. The equal time λ-λ anticommutator reduces to
. (4.7)
Now using explicit expressions for ξ α (p) and ζ α (p) we find that Ω(p) identically vanishes. Equation (4.7) then implies
And, finally the equal time π-π anticommutator simplifies to
Equations (4.3-4.4) and (4.6-4.9) establish that Λ(x) and λ(x) are local quantum fields.
The interactions
The dimension four interactions of the Λ(x) and λ(x) with the standard model fields are restricted to those with the SM Higgs doublet φ(x). These are
where a ψΨ are unknown coupling constants and symbols ψ and Ψ stand for either Λ or λ. By virtue of their mass dimensionality the new dark matter fields are endowed with dimension four self interactions
where b ψΨ are unknown coupling constants. The D = 1 fields need not be self referentially dark. Therefore, to explore gauge interactions within the Λ-λ dark sector we note that the mass dimensionality and the locality structure will be preserved if the form of equations (2.6), (2.10a-2.10b), (2.11), (3.5a-3.5b), and the indicated 'spin sums' in the locality calculations remain unaltered. A simple exercise reveals that the transformation χ(p) → exp[iM α(x)]χ(p) satisfies this requirement iff M = γ 0 (up to a multiplicative β ∈ R). It is thus clear that the Λ-λ dark sector may be endowed with interactions governed by this local gauge transformation, and its natural non-Abelian generalisations.
The interactions with the standard model gauge fields -with F SM µν (x) symbolically representing the associated field strength tensors -through Pauli terms
may in principle exist. However, we consider them to have vanishing coupling strength as L Λ (x) and L λ (x) do not carry invariance under SM gauge transformations.
Concluding remarks
We have made a strong case that the kinematic structure of the dark matter sector may belong to mass-dimension-one quantum fields; and that while super-symmetry may exist, it is not necessary to account for dark matter. For the proposed dark matter fields, the darkness naturally arises from the mismatch in mass dimensionalities of the new fields with respect to the fields of the SM. In a one component dark matter model [11] the mass of the D = 1 fermions is obtained to be about 20 MeV with relevant cross section around 2 pb in Higgs decays 6 . Their presence may thus reveal itself at the Large Hadron Collider.
